Citrus canker, caused by Xanthomonas axonopodis pv. citri, is a plant-pathogenic bacterial disease that infects and causes severe damage to citrus crops (12, 18) . The disease occurs in many citrus-growing regions of the world, and its recent introduction to Florida has created difficulties with international trade and movement of plant material from regulated areas. To protect the financial interests of the citrus industry in Florida, eradication of the pathogen has been deemed a necessity (18) and is currently underway.
Windborne rain splash disperses many plant-pathogenic bacteria; the first experiments indicating rain splash dispersal of bacterial pathogens were published in 1917, and several examples of bacterial dispersal have been described subsequently (1, 3, 5) . Larger splash droplets generally fall close to the inoculum source, but smaller droplets and aerosols produced by raindrop impact on diseased foliage are also implicated in the longer distance spread (5, 13, 15) . Aerosol dispersal of X. axonopodis pv. citri has been observed in chipping of canker-infected trees (14, 17) . Furthermore, splash is known to cause dispersal of X. axonopodis pv. citri (16) , and there is evidence that wind is also involved (19, 20, 22) . However, techniques to sample windborne splash have not been compared or evaluated for effectiveness at collecting splash or spray containing bacteria of X. axonopodis pv. citri. During rainstorms, citrus canker lesions exude abundant quantities of X. axonopodis pv. citri immediately following leaf wetting (16, 19, 23) . Subsequent splash onto nearby foliage disperses X. axonopodis pv. citri and can cause new infections (16) . Wind dispersal of bacteria-laden splash and spray can transport the pathogen further (19, 20) , and when strong winds occur, as in tropical storms in Florida, the distance could be up to several miles. Strong winds were most likely responsible for several new outbreaks of citrus canker that developed subsequent to Tropical Storm Jerry in south Florida in August 1995 (6) . Furthermore, analysis of the spatial distribution of canker-infected plants suggests the combined effect of wind and rain splash are responsible for spreading citrus canker disease (2,6-9). However, there is little information on the dynamics of the dispersal process of the pathogen in windblown spray (19) . Prior to an investigation of these dynamics, a comparison of various sampling methods must be made under conditions of windblown splash to determine the most effective sampling technique.
Various passive and volumetric samplers have been used to sample air-or splashborne propagules (11, 14, 21) , including horizontal or vertical surfaces such as microscope slides, funnels, or panels and volumetric samplers, including the Burkard and Andersen samplers. Hunter and Kunimoto (11) used vertical panels to sample sporangia of Phytophthora palmivora in wind-driven rain splash, but to our knowledge this method has not been compared with other samplers.
Information on the nature and role of wind and splash on the dispersal of X. axonopodis pv. citri bacteria will contribute to our understanding of the epidemiology of citrus canker; this, in turn, will contribute to a rational and informed basis for eradication and management of citrus canker in endemic areas. In this report, we describe experiments that compared the effectiveness of four sampling techniques for collecting bacteria of X. axonopodis pv. citri downwind of infected citrus canker plants subject to water splash and wind, and we use this as a basis for choosing the most effective collecting device for use in further experiments investigating dispersal of X. axonopodis pv. citri in windblown splash.
MATERIALS AND METHODS
Source plants. In each experiment, a group of five Duncan grapefruit (Citrus paradisi) plants was used as a source of inoculum. The trees were approximately 1.5 m tall with crowns approximately 0.8 × 0.8 m, and had 41 to 205 leaves, with disease severity ranging from 5.6 to 25.6 lesions per infected leaf and an incidence of 76.8 to 87.8% leaves infected.
Producing wind and rain splash. Water splash and wind were generated using a combination of yard-blowers (Leaf Hog, model BV2500, Black & Decker, Towson, MD) and garden sprayer nozzles (Orbit/Sunmate 7 Pattern Zinc Pistol Nozzles, Orbit Irrigation Products, Inc., Bountiful, UT). The yard-blowers produce a maximum wind speed of 320 kph at the outlet.
Three yard-blowers were mounted to a frame placed on a cart with the outlets 107 cm aboveground and the cross-and downwind profiles characterized (Fig. 1) . Wind speeds projected at 1 m were >12 m/s, although the wind speed dropped with distance to 4.5 m/s at 6 m. (Due to the surrounding still air, a gradient in wind speed is inevitable, even over short distances.) Three sprayers were attached to a PVC pipe and linked to the frame below the blowers with the orifices pointed up into the air stream, such that the water spraying from the nozzle entered the wind stream and was blown downwind. The sprayers were set to the "jet" option to produce the most desirable range of droplet sizes. The PVC pipe was linked to a water source from a local well. The nozzles each delivered ca. 4.5 liters/min (68 liters in 15 min), which was checked by taking samples and measuring the time taken to achieve a measured volume. Well water was sampled and plated. No X. axonopodis pv. citri were present in the water source.
Sampler types and experiment design. The efficiency of sampling was compared for four sampling methods: two volumetric samplers, the PAS 450 (Camber Corporation, Huntsville, AL) and the Burkard Cyclone Sampler (Burkard Manufacturing Co., Rickmansworth, England), and two passive samplers, Plexiglas panels (11; Fig.  2 ) and funnels. The PAS 450 uses a mixture of sterile water plus surfactant in a cyclonic chamber to capture bioaerosols. The airflow into the sampler is 450 liters min -1 . The Burkard cyclone sampler relies solely on a cyclonic airflow from which bioaerosols settle into a collection tube. Airflow into the sampler is 16.5 liters min -1 . The passive samplers both relied on spray impinging on the surface. The panel area was 1,176 cm 2 and was 131-fold larger in collection area than the funnels.The funnel collection area was 9 cm 2 , and they were set at an angle of ca. 50° toward the source of windblown spray. In both passive samplers, the splash collected was directed into a sample vessel for further processing. Each experiment was run for 15-min periods. The volume of the sample was measured, and each sample was subject to dilution plating on the semi-selective medium KCB (10), consisting of nutrient agar (NA) amended with kasugamycin (16 mg liter -1 ), cephalexin (35 mg liter -1 ), and the fungicide Bravo 720 Flowable (12 mg of chlorothalonil liter -1 ). After incubation at 27°C for 5 to 6 days, the plates were examined and the total quantity of X. axonopodis pv. citri captured was determined. In addition to the splash samples, the well water used to generate the splash and aerosols was plated out as a control. The well water was also used to wash the panels prior to the collection of bacteria.
In the first experiment, the sampling ability of the PAS 450 was compared with that of the Burkard Cyclone sampler. Both samplers were set up 1 m downwind of the source of inoculum immediately next to each other and at the same height (1.2 m), and the blower/sprayer apparatus was located 1 m upwind from the trees. The experiment was repeated three times.
In the second experiment, the Burkard, panels, and funnels were compared. The samplers were set immediately adjacent to each other at the same height (1.2 m). In this experiment, the samplers were spaced at 1, 4, and 10 m distance from the inoculum source to determine how efficient each sampler was at capturing spray droplets at various distances from the source of inoculum. The distance between the blower/ sprayer apparatus and the trees was the same as for the previous experiment. The experiment was set up on a NNE-SSW axis based on the wind direction when the experiment was conducted, with the blowers pointing toward the NNE (wind predominately from SSW). This experiment was also repeated three times. During the course of this study, it was observed that the Burkard Cyclone samplers collected spray whether or not the device was energized, so a third experiment was designed where the Burkards were tested alone to compare the samples collected with and without power.
Wind speed and direction were monitored using a cup anemometer and a wind vane, respectively, and temperature was recorded using a temperature sensor (Davis Instruments, Hayward, CA). One weather station was placed immediately upwind of the trees, a second just downwind of the canopy, a third at 4 m downwind, and a fourth at 10 m downwind from the canopy.
Data analysis. The data were analyzed using Microsoft Excel 2000 and SAS V8.0 (SAS Systems, Cary, NC). An analysis of variance (ANOVA) was performed using the General Linear Models procedure to investigate the effect of distance and sampler type on the volume, concentration of X. axonopodis pv. citri, and total X. axonopodis pv. citri collected (data were log-transformed to reduce the heterogeneity of variance). Because no measurable spray was recorded at 10 m, this position was omitted from the analysis of CFU per ml of collected splash and volume collected. A post hoc means comparison was done using Tukey's HSD test for single factors and interactions (distance, sampler type, and replicate), and standard errors of the differences between various treatment means were generated. The effect of wind direction on volume collected during each replicate was investigated with correlation analysis. Wind direction was quantified by giving a score of 5 to the wind direction aligned with the blower axis (NNE-SSW) when the experiment was established. Wind direction ranged from SSW to ESE, with ESE having a score of 1 (the greatest negative impact on spray direction in relation to axis orientation of the panels). Thus, one point less was given to wind coming from each 22.5° deviation from the NNE-SSW blower axis. This number was then multiplied by the percentage of time the wind blew from that direction during the collecting period, and the resulting numbers were summed to produce a weighted total for each replicate. A Pearson's correlation analysis was subsequently performed to explore association between the percentage of total volume collected in each replicate for each sampler and wind direction. In addition, to investigate association between total X. axonopodis pv. citri, volume, and concentration for and between each of the sampler types, a Pearson's correlation analysis was performed between all variables. Linear regression analysis was subsequently used to investigate the relationship between the CFU of X. axonopodis pv. citri per ml caught by the panels, funnels, and Burkard cyclone samplers and the similarity between samples assessed based on the coefficient of determination.
RESULTS
The wind speed differed depending on whether it was measured upwind or downwind of the infected plants, but was fairly constant at each location over the 15-min sampling period. At no time during the first experiment did the PAS 450 collect any bacteria in any test. In contrast, the Burkard sampled up to 21,400 X. axonopodis pv. citri bacteria per m 3 of air in the splash collected (data not shown).
In the second experiment, the Burkard cyclone samplers, panel samplers, and funnels all collected windblown splash from the infected trees. ANOVA (F = 875, P < 0.0001) showed the panels collected the greatest volume of splash ( Table 1) . The volume decreased rapidly with distance from the source for all sampler types. At 10 m, no sampler collected a discernable volume, but washes of sampler surfaces revealed that X. axonopodis pv. citri bacteria were impinged on the sampler surface. Burkard samplers consistently collected the smallest volume of sample (Burkards and panels collected a mean of 6 ml and 1,101 ml, respectively). ANOVA (F = 8.5, P = 0.0363) showed that the concentration of X. axonopodis pv. citri collected was different among samplers (Burkards, funnels, and panels collecting means of 1,182, 1,426, and 2,667 per ml, respectively); the panels collected significantly more than the Burkards, but were not significantly different from the funnels. Distance did not affect CFU per ml collected for any sampler, but lack of splash droplets at greater distances precluded taking CFU estimates. Total X. axonopodis pv. citri declined with distance with all three samplers (F = 96.8, P < 0.0001).
The experiment repeats had a significant effect on volume of spray collected (F = 10.71, P = 0.0248) and CFU of X. axonopodis pv. citri per ml (F = 32.5, P = 0.0034) but did not affect the total X. axonopodis pv. citri collected in the different trials (Fig. 3) . The wind direction veered from SSW to SSE in the first replicate and from S to SSE by the third replicate (Table 2 ). However, the layout of the experiment was not altered during this period. Thus, the plume of windblown spray was blown more toward the west with the latter two experiment repeats and explains the generally lower volumes collected with each consecutive replicate. There was a positive correlation between wind direction and volume of spray collected (r = 0.9317, P < 0.0001).
The correlations between variables may be divided into those related to individual sampler types, and comparisons made between the variables related to different sampler types (Table 3) . First, within sampler correlations showed both panels and funnels had a positive correlation between the volume collected and the total X. axonopodis pv. citri collected, and between concentration of the pathogen and the total collected, but there was no correlation between concentration of X. axonopodis pv. citri and volume collected for either sampler. The Burkard sample showed a strong positive correlation a Wind direction was quantified by giving a score of 5 to the wind direction aligned with the blower axis (NNE-SSW) when the experiment was set up. ESE had a score of 1 (the greatest negative impact on spray direction in relation to axis orientation of the panels); thus, one point less was given to wind coming from each 22.5° deviation from the NNE-SSW blower axis. This number was subsequently multiplied by the percentage of time the wind blew from that direction during the collecting period, and the resulting numbers were summed to produce a weighted total for each replicate for use in further analysis.
(P < 0.01) between all three variables of volume collected, the total quantity of X. axonopodis pv. citri collected, and concentration, indicating the Burkards collected samples that varied in concentration depending on the volume collected. Second, correlations between variables from the different samplers show a significant positive relationship between all parameters except concentration of X. axonopodis pv. citri and volume from the panel or funnel samplers. There was a strong positive correlation between panel and funnel catches for total volume collected (r = 0.9780, P < 0.001) and X. axonopodis pv. citri per ml (r = 0.9871, P < 0.001); although the number of X. axonopodis pv. citri per ml collected by the Burkard was correlated with both panel (r = 0.8221, P < 0.01) and funnel (r = 0.7863, P ≤ 0.05) catches, the total volume was not (r = 0.1852, ns, and r = 0.1786, ns, respectively). Indeed, volume collected and total X. axonopodis pv. citri collected for both the panels and funnels were not correlated with any of the variables for the Burkard sampler.
The relationship between the CFU of X. axonopodis pv. citri per ml collected by each of the samplers shows that the samples collected by the panels and funnels were more similar to each other than to the volumetric Burkard sampler, as indicated by the correlation coefficient (Fig. 4A) . The relationship between the Burkard catches and the panel (Fig. 4B) and funnel (Fig. 4C) catches showed that the CFU per ml estimated by the Burkard differed from that estimated by the panels and funnels.
In the third experiment (data not shown), Burkard samplers collected windblown splash regardless of whether the power was on or off, although power increased the sample size, volume, and total number of X. axonopodis pv. citri collected.
DISCUSSION
Panels were most effective at collecting X. axonopodis pv. citri in wind-driven splash. Panels caught a greater volume of spray and had the greatest quantity of the pathogen overall. In this experiment, a larger spray sample was found to increase the chance of finding a minimal level of X. axonopodis pv. citri. The funnels also appeared to be effective, but the volume of the sample was less than that collected by the panels and reflected the surface area of the sampling plane of the funnel. This could possibly be mitigated by using larger funnels, which would collect more spray. Indeed, the relationship between the panels and funnels was closest for all parameters, although presumably as panels are larger they collect a more representative sample. Hunter and Kunimoto (11) also found panels effective for collecting microorganisms in windblown rain, although they did not compare them to other methods of sample collection. No X. axonopodis pv. citri were detected with the PAS 450. The Burkard samplers collected spray whether the electric power source was on or off; it may be that they were being "force-fed" rain splash by the wind and were thus not operating volumetrically under the experimental conditions of this study. This would negate any advantages that might occur from relationships found between spray or splash collected and volume of air.
X. axonopodis pv. citri bacteria were collected in large quantities immediately at the beginning of the experiment, and this confirms previous observations that these bacteria are produced and dispersed in large numbers when rainfall events occur (16, 21, 23) . The volume of spray being blown through the foliage was substantial (approximately 13.5 liters min -1 ), resulting in collection of samples containing up to 8,633 X. axonopodis pv. citri per ml by the panels. The CFU per ml of X. axonopodis pv. citri collected was different between samplers. Panels collected the most CFU, probably because of their sampling plane and size: all three samplers were situated in the same sampling zone. The results do suggest variation in sampler efficiency, and/or suggest X. axonopodis pv. citri might not be uniformly distributed throughout the spray downwind of infected citrus plants. Because the panels presented the greatest cross-sectional area, they would have the greatest potential to collect both bacterialaden and nonladen droplets in a nonuniform spray. In addition, unlike the panels and funnel samples, the Burkard samples varied in concentration depending on the volume collected, and this is not immediately explicable.
The preliminary results presented here suggest that X. axonopodis pv. citri are dispersed in simulated wind-driven spray over at least 10 m in droplets and confirm the ability of this pathogen to be dispersed several meters from a source of inoculum (22) . The size of droplets and the time they remain airborne depend on wind speed, gusts, and the directions of the air movement. The observation that the CFU per ml dispersed declines with time suggests that even over quite short time periods, the number of bacteria produced from lesions declines, which has been observed previously with isolated leaves (16, 23) . Wind direction during the experiments appeared to have a comparatively minor effect on the volume of spray collected, so the proportionately greater decline of CFU per ml dispersed with each experiment repeat suggests that bacterial dispersal is a dynamic process. Of special interest is the fact that X. axonopodis pv. citri were collected even when no volume of spray was detected, i.e., they could still be washed off the panel surface. This indicates that they were present in very fine mist and impinged on the sampler surface, even though they were not plentiful enough to coalesce into drops of sufficient volume to flow down the sampler surface into the collection vessel. Other bacteria are reported to be dispersed in aerosol (13) , and the presence of bacteria containing droplets of low volume and weight has significant epidemiological implications relative to inoculum dispersal of X. axonopodis pv. citri. Such low volume, low weight pathogen-laden droplets presumably can be carried much further downwind in turbulent air without falling out of the air stream due to gravity alone.
Of the many methods available for sampling particulate bioaerosols (14) , there are relatively few for sampling droplet-borne inocula. Although simple in design and function, the vertical panels offered a consistent method of capturing bacteria-laden rain splash from canker-infected plants. They have the potential to be useful in studying other splash-and windborne pathogens. Limitations of this technique include the size of the collection vessel, although this would be influenced by rainfall intensity. Sampling times with a 4.5-liter collection vessel were usually limited to 10 to 15 min. Longer collection times would require frequent changes of collection vessels or some other type of modification. While it is possible to relate X. axonopodis pv. citri to volume of splash collected, it is not possible to accurately relate bacterial counts to the volume of air sampled. The problem of volumetric quantification arises because bacteria dispersed in splash droplets during wind events are affected by the dynamics of two fluids: water (droplets) and air. Nonetheless, panels provide an effective way of standardizing sampling for windblown splash and can be used to estimate the bacterial concentration in liquid spray, the medium in which the bacteria are actually dispersed. In addition, the panels are very low cost ($57.00 per panel), allowing the deployment of a sufficient number of panel samplers at a number of locations downwind from plant canopies.
A thorough knowledge of dispersal characteristics of the citrus canker bacterium will contribute to an understanding of the resulting patterns of infection and the interrelationship between dispersal conditions and infection. This information will contribute to a more rational approach to control strategies based on an understanding of the biological processes. Panels are currently being used in fieldscale investigations of the dispersal of citrus canker bacteria under simulated and natural wind/rain conditions in epidemic areas.
